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Introduction
The concentration of atmospheric CO 2 may reach 500 mmol mol − 1 at the end of the next century if emissions are maintained at the current level (IPCC 1996) . Changes in the chemical composition, such as an increase in the concentration of carbon-based secondary compounds (CBSC, e.g. phenolics and terpenes), are predicted plant responses to CO 2 enrichment Bazzaz 1983, Lambers 1993 ).
Flavonoids are a class of plant secondary metabolites of phenolic nature which play a number of important roles in the interaction of plants with their environment. The concentration of flavonoids and other phenolic compounds in plants varies among organs, tissues and developmental stage, and is influenced by environmental factors (Bohm 1987) . Among such factors are temperature, UV and visible radiation, nutrient and water availabilities, and atmospheric Abbre6iations -CBSC: carbon-based secondary compounds; CD: control-dry treatment; CW: control-wet treatment; DOY: day of year; FACE: free-air CO 2 enrichment; FD: face-dry treatment; FW: face-wet treatment; Rt: retention time; SDW: structural dry weight; TNC: total non-structural carbohydrates. Physiol. Plant. 105, 1999 CO 2 concentration (Bohm 1987, Peñ uelas and Estiarte 1998) .
Concentration of CBSC, including phenolics, have been proposed to be positively correlated to C/N ratio (or negatively correlated to N concentration) (Bryant et al. 1983) . In a more general approach, they have been proposed to be related to the relative availability of carbon for allocations to CBSC, as a result of source-sink balance within the plant (Herms and Mattson 1992) . Based on the former hypothesis, the increase in the C/N ratio as a consequence of enhanced photosynthesis under CO 2 -enriched atmospheres prompted some authors Bazzaz 1983, Lambers 1993) to postulate the accumulation of CBSC in plant tissues. Herms and Mattson (1992) based the predictions of the effect of atmospheric CO 2 increase in CBSC on the understanding of the effects of CO 2 on the source-sink balance within the plant. Experimentally, under CO 2 enrichment there have been reports of increases in flavonoids (Rufty et al. 1988, Lavola and Julkunen-Tiitto 1994) but also no effects (Johnson and Lincoln 1990) . A recent review on the effects of atmospheric CO 2 enrichment on CBSC shows a trend towards increasing soluble phenolics, a more general class of compounds that includes flavonoids (Peñ uelas and Estiarte 1998) .
The same hypotheses can be applied to predict the effects of water stress but, as far as we know, there are no published data on its effects on flavonoids. The effects of water stress on phenolic compounds are contradictory (Horner 1990 , Pritchard et al. 1997 , in that they have been related to the intensity of the stress: mild stress promotes the accumulation of phenolic compounds and severe stress the depletion of carbohydrates and, consequently, they either increase or reduce the availability of carbon (Horner 1990) .
Besides the colouration of flowers, plant flavonoids have several important functions. They can effectively screen UV radiation thereby protecting primary metabolism (Harborne 1991 , Rozema et al. 1997 . Certain flavonoids also possess antioxidant properties due to their radical scavenging capacity (Jovanovic et al. 1994 , Rice-Evans et al. 1997 . Thus, an increase in flavonoid concentration will improve plant tolerance to abiotic stresses such as UV-B radiation (Rozema et al. 1997) by reducing damage to the photosynthetic apparatus as has been shown for rye (Tevini et al. 1991) and barley (Reuber et al. 1996) . Flavonoids protect the plants against herbivores and pathogens (Harborne 1991, Harborne and Grayer 1993) . In the soil they have allelopathic effects and act as positive signals to symbiotic soil microbes (Rao 1990 , Phillips 1992 . In consequence, changes in flavonoid concentration could have important implications for ecosystem function and crop management.
Two factors, phenology and total non-structural carbohydrates (TNC), may introduce a variability that may mask the effects of the environment on the concentration of compounds (Peñ uelas and Estiarte 1998) . Traits dependent on development should be compared at common stages of development in order to separate phenotypic expression from ontogeny (Coleman et al. 1994) . Flavonoid concentration is dependent on growth stage (Bohm 1987) , and environmental conditions may advance or delay the plant (or leaf) development stage. In consequence, the phenological stage of plants has to be taken into account in studies of flavonoids or any other metabolite (Gebauer et al. 1998, Peñ uelas and Estiarte 1998) . On the other hand, expression of concentration on a dry weight (DW) basis can mask or diminish the changes in the concentration of compounds, especially for high-CO 2 grown plants in which increases in TNC are usually the largest change (Poorter et al. 1997) , and on organs such as leaves with daily TNC fluctuations due to accumulations during the light period and export at night (e.g. Hendrix and Grange 1991) .
In the present study our objectives were a) to test the effects of elevated CO 2 concentrations on flavonoid concentration of wheat leaves during different growth stages; b) to investigate the effects of water stress on such flavonoid concentrations; c) to determine the effect of variations in the TNC concentration on the expression of flavonoid concentration when comparing treatments or sampling times; and d) to determine the interference of differences in growth stage induced by CO 2 concentration and water availability and the subsequent effect on flavonoid concentration.
Materials and methods

Wheat culture and treatments
A hard red spring wheat (Triticum aesti6um L. cv. Yecora rojo) crop was sown in an open field at the University of Arizona Maricopa Agricultural Center, in Arizona (33.1°N, 112.0°W) in 1994. The experiment was a repetition of another one conducted the previous year and more details on both experiments and the field site can be found in Lewin et al. (1994) , Kimball et al. (1995) and Pinter et al. (1996) . Seeds (John Deere Flex Planter 70, USA) were sown into flat beds at 0.25-m row spacings. Culture data are summarized in Table 1 .
Following sowing, a free-air CO 2 enrichment (FACE) system was erected on the site to achieve the desired elevated CO 2 concentration under field conditions. For details of the FACE system and its performance see Lewin et al. (1994) . Briefly, the apparatus consisted of toroidal plenums (0.3 m cross section and 23 m diameter) placed horizontally on the soil surface, each connected to an array of 32 vertical vent pipes. The FACE rings were fumigated with CO 2 for 24 h per day at rates required to maintain a concentration of 550 mmol mol − 1 at the center point from emergence until physiological maturity. CONTROL plots were at ambient CO 2 concentrations of about 370 mmol mol − 1 . A subsurface drip tube irrigation system spaced at 0.5-m intervals controlled soil moisture regimes and nutrients throughout the growing season. The drip tapes were buried 0.18 m below the soil surface and had emitters spaced at 0.3-m intervals. The initial irrigation was applied from sprinklers following sowing to facilitate germination. The main CO 2 plots were split: half received 100% (WET, well-watered), while the other received 50% (DRY, water-stressed) replacement of potential evapotranspiration ( Table 1 ). The water-stressed plots received the same amount of water as the well-watered plots but only on every other irrigation. Rainfall over the culture period was 61 mm.
The combination of CO 2 and irrigation levels gave four treatment combinations: CW (CONTROL + WET), CD (CONTROL+DRY), FW (FACE+ WET), or FD (FACE+DRY). All treatments were replicated four times. A total of four fertilizer applications was made (Table 1) . A preplant granular fertilization and applications of nitrogen with irrigation provided a total of 261 kg ha − 1 N and 29 kg ha − 1 P.
Sampling
Leaf samples were taken at four dates during the growth cycle. At each date samplings were done on a diurnal cycle ca. every 2 h, starting at sunrise and finishing at sunset, resulting in 7-8 daytime samples per diurnal cycle depending on the length of the light period. At each date and daytime, a total of 10 last, fully developed leaves per treatment (from the upper level of the canopy, thus with the same age and light conditions) was cut, pooled and kept on dry-ice for up to 10 h until transport to the laboratory. The last fully developed leaf was changing as the growth cycle advanced, and in total three different leaf types (leaf number five, eight and flag leaf) were sampled. Notations used for each sampled leaf as well as growth stage data of the plant when leaves were sampled are summarized in Table 2 . Leaves were kept overnight in a cooler and the day after they were freeze-dried, ground through a 0.4-mm mesh in a Wiley Mill and stored in the freezer over a desiccant. Flavonoids were analyzed on samples from 13:00 h (Mountain Standard Time), whereas TNC were analyzed in all samples.
Flavonoids
Extraction
Wheat leaf powder (0.25 g) was extracted three times with 30 ml of methanol in a sonic bath for 10 min. Extracts were pooled, and methanol was removed under vacuum. The residue was redissolved in 2 ml of a HPLC grade methanol solution of 250 ppm quercetin, filtered through a 0.22-mm nylon micro-spin filter (LIDA, Kenosha, WI, USA) and stored in the freezer at − 20°C. Quercetin was used as an internal standard because it elutes at a retention time (Rt) where no other component of the wheat flavonoid profile eluted.
Quantification HPLC analyses of flavonoids were performed with a Waters 600E gradient system liquid chromatograph, equipped with an automatic injector Waters WISP (Waters, Milford, MA, USA), a diode array absorbance detector (Applied Biosystems ABI 1000S, Perkin-Elmer, Barcelona, Spain), and a Kontron column oven model 480. A precolumn and a Nucleosil 120 C-18 10 mm (25 × 0.46 cm) column (TRACER, Barcelona, Spain) were used to separate flavonoids and, after separation, absorbance was recorded at 350 nm as shown in Fig. 1 . The chromatographic program combined gradient and isocratic elutions. The eluents were A, 20 mM H 3 PO 4 in deionized water and B, methanol. The program of elution was as follows: a linear increase from 0 to 25% B from 0 to 3 min, isocratic elution until 40 min, a linear increase up to 30% B from 40 to 60 min, isocratic elution until 80 min, and finally a linear increase up to 70% B from 80 to 115 min. The flow was 1.5 ml min − 1 . A volume of 40 ml of extract was injected. Temperature was kept constant at 30°C. Peak areas were integrated and normalized to the quercetin internal standard. Peak identification was conducted by 13 C-NMR and 1 H-NMR on isolated compounds (M. Estiarte, J. Peñ uelas and T. Parella unpublished). The identity of the peaks is described in Fig.  1 . Only those well separated peaks with characteristic flavonoid spectra were quantified. The peak number 1 was not quantified due to the presence of an overlapping previous peak, especially on the early sampling dates. The peak after peak number 11 was not quantified because of a failure in the separation in some samples.
Commercial isoorientin (Extrasynthese, Genay, France) was used to obtain standard curves at 350 nm absorbance. Flavonoid concentration was expressed as mg per g SDW − 1 for isoorientin and as mg of isoorientin equivalents (at 350 nm)
for the other flavonoids. For calculations of structural dry weight (SDW) see below. Physiol. Plant. 105, 1999 Carbohydrates Glucose, fructose, sucrose, starch and fructans (low and high molecular mass) were determined using a microplate assay methodology as described by Hendrix (1993) . SDW, as a basis for expression of flavonoid concentration, was calculated as total dry weight minus TNC weight at the sampling time. To estimate the distortion that diurnal variations in TNC may have on the expression of flavonoid concentration, the diurnal fluctuation of TNC was calculated as the maximum TNC concentration minus the minimum TNC concentration found in a diurnal cycle.
Nitrogen and growth stage measurements
The above-ground biomass of the plants was sampled each week for determination of growth stage using the Zadocks decimal code or scale (Zadocks et al. 1974) . These results are published in Pinter et al. (1996) . Every other week, oven-dried green leaves of the above-mentioned samples were analyzed for N concentration (Kjeldhal method).
Statistics
Two-way ANOVA (CO 2 and irrigation) with repeated measurements (DOY or daytime) were used in the statistical analyses of flavonoids, TNC and N concentrations. All analyses were performed using STATVIEW 4.5. (Abacus Concepts Inc. Berkeley, CA, USA).
Results
Effects of CO 2 enrichment, irrigation and phenology on flavonoid, TNC, and N concentrations
The leaf concentration of isoorientin and tricin, two of the four major flavonoids (Table 3) , at different days of the growing season are shown in Fig. 2 . Similar patterns were found for the two other major peaks isoorientin 2¦-O-rhamnoside and the peak at Rt 28.1, as well as for the other less abundant compounds (results in Appendix A). Atmospheric CO 2 enrichment had significant effects on almost all flavonoid compounds (Table 4) . Plants grown on FACE treatments had higher flavonoid concentrations than plants from corresponding CONTROL treatments (14% average increase in isoorientin concentration throughout the growth cycle; an average of 7.0 mg g − 1 for ambient CO 2 vs an average of 8.0 mg g − 1 for enriched CO 2 ). The effects were significant for major peaks isoorientin (PB 0.01) and tricin (PB0.001), whereas the effect on isoorientin 2¦-O-rhamnoside and the two flavones at peak number 5 Rt 28.1 was weak (PB 0.1). Although variable, there was a significant effect of CO 2 treatment in almost all minor peaks (Table 4) .
The effects of irrigation on flavonoid concentrations were less significant (Table 4) . Among the major peaks, isoorientin (PB0.01, 11% average increase in isoorientin concentration; an average of 7.1 mg g − 1 for DRY vs an average of 7.9 mg g − 1 for WET) and isoorientin 2¦-O-rhamnoside (PB 0.001) had higher concentrations in WET treatments than in DRY treatments. In contrast, the opposite was found for tricin, with higher (P B0.01) concentrations in Fig. 1 . HPLC profile of the methanol extract of wheat leaves after running the program of elution as described in Material and methods and recording the absorbance at 350 nm. The abscissa axis is retention time (Rt, min). The large peak close to Rt 90 min is the quercetin internal reference. Flavonoid peaks are numbered from 1 to 14 and correspond to 1, isoorientin 6¦-O-i-xyloside; 2, 6-C-i-galactosyl-8-C-i-glucosyl-luteolin; 3, 6,8-C-diglycosyl-luteolin; 4, 6-C-i-galactosyl-8-C-i-glucosyl-apigenin; 5, two compound derivatives of apigenin and luteolin*; 6, isoorientin*; 7, isoorientin 2¦-O-h-rhamnoside; 8, 3%-C-i-glucosyl-2%,4%,6%,3,4-pentahydroxycha lcone 2¦-O-xyloside; 9, isovitexin; 10, isoscoparin; 14, tricin*. Compounds 11, 12 and 13 were not isolated. The asterisk after the compound name indicates the more abundant peaks referred to in the text as major peaks. The remaining peaks that were less abundant are referred to as minor peaks. (Table 4) . Although the total flavonoid concentration, calculated as the sum of individual compounds, decreased as the season advanced, i.e. in latest leaves, two patterns of variation were displayed for individual compounds: a) the major peaks isoorientin (Fig. 2) , isoorientin 2¦-O-rhamnoside and the peak 5 (Appendix A) as well as some minor peaks (Appendix A) had maximum concentrations in the early leaves and decreased in latest leaves; and b) the major peak tricin (Fig. 2) and the minor peaks 14 and 15 had minimum concentrations in the early leaves and increased in latest leaves. Other minor peaks did not show any clear pattern.
The DRY and the FACE treatments appeared to accelerate phenological development. The differences in development began to appear at growth stage number 30 in Zadocks decimal code, near DOY 60, and reached maximum differences between the growth stages number 50 and 70 (data not shown). Recent experiments indicate that CO 2 effects on phenology may have been partially caused by the FACE plants being warmer than CONTROL plants during the night-time because CONTROL plots were not equipped with blowers like those used in the FACE plots (Hunsaker et al. 1996b ). However, when flavonoid concentration was plotted against growth stage (Fig. 3) , differential phenology did not greatly affect the flavonoid concentration response to CO 2 treatments, confirming that the differences in flavonoid concentration were not a consequence of the effect of treatments on development, but an actual effect of treatment on the accumulation of compounds. The most important effect was on the CW treatment of DOY 90, corresponding to growth stages 60-70 (ZDC), which was the more delayed (Fig. 3) .
The TNC concentration of upper canopy leaves varied depending on leaf number and age (Fig. 4) . Plants grown in FACE treatments had higher TNC concentrations than corresponding CONTROL plants (L5 and L8, P B 0.001; FLa, PB0.05). On FLb only FW treatment produced higher TNC concentration than CW treatment (P B 0.001), but there was no effect of CO 2 treatment on DRY plots (Table 4 , Fig. 4) .
The effects of irrigation were more diverse and changed in pattern throughout the season. For L5, TNC was equal for both treatments maybe because differences among treatments in soil water content were still not well developed at this early stage of the experiment (Hunsaker et al. 1996a ). For L8, WET treatments had higher (PB 0.05) concentrations than DRY treatments, and the effects were greater in the FACE leaves. A change in pattern occurred in flag leaves. For FLa and FLb, only CD showed higher TNC concentrations than CW treatments (PB 0.05) (Fig. 4) .
The nitrogen concentration of canopy green leaves throughout the growth cycle was lower in FACE than in CONTROL treatments (P B0.001) (Fig. 5) . The DRY treatment slightly decreased N concentrations (P= 0.10). The N concentration also decreased throughout the growth cycle as a function of phenological stage. Fertilizer applications either increased the N concentration or slowed the decrease (Fig. 5 ).
Discussion
Flavonoids, N and TNC
The results are in accordance with the prediction that atmospheric CO 2 enrichment would cause an increase in the concentration of phenolic compounds in plant tissues Bazzaz 1983, Lambers 1993) . The increase in flavonoid concentrations (14% average increase in isoorientin) under CO 2 enrichment (Fig. 2) was parallel to the decrease in the N concentration (Fig. 5 ) and the increase in TNC concentration (Fig. 4) .
The results are given greater credence by the precautions taken in this study. The use of a field FACE system avoided the usual modifications in the environment introduced by open-top chambers, including the filtering of UV radiation by plastic enclosures (Allen et al. 1992) , which would affect the synthesis of flavonoids. Also the roles of TNC concentration and growth stage in flavonoid concentration were considered during the whole growing season (see below).
Similar increases in flavonoid concentration have been reported in tobacco (Rufty et al. 1988 ) and birch (Lavola and Julkunen-Tiitto 1994) grown under CO 2 -enriched atmospheres, although there was no effect in big sagebrush (Johnson and Lincoln 1990) . The increase in TNC concentration and the decrease in N concentration have also been widely reported in plants grown under CO 2 -enriched atmospheres (Farrar and Williams 1991, McGuire et al. 1995) .
N and TNC concentration, and thus C/N ratio, are the parameters hypothesized to be involved in the determination of phenotypic expression of carbon-based secondary compounds (CBSC), such as flavonoids (Bryant et al. 1983, Herms and Mattson 1992) . The Carbon Nutrient Balance hypothesis (Bryant et al. 1983) proposes that concentration of CBSC is positively correlated with the C/N ratio, a parameter indicative of the existence of 'excess carbon' that can be invested in CBSC. The Growth Differentiation Balance hypothesis (Herms and Mattson 1992) includes the Carbon Nutrient Balance hypothesis and extends the predictions to any environmental factor, including CO 2 enrichment, that affects the source-sink relations and thus the relative strength of the carbon pool available for investment in CBSC. The accumulation of TNC in leaves is a useful parameter to estimate the source-sink relations and to compare the relative strength of this carbon pool (Fischer et al. 1997) . FACE treatments resulted in higher TNC concentrations in the upper canopy leaf, suggesting that they had a source/sink balance more shifted to source than CONTROL treatments. Thus, the increase in flavonoid concentration under CO 2 enrichment may be explained in terms of higher availability of carbon to be invested in CBSC.
Following a similar line of reasoning, Margna et al. (1989) argued the possibility that a reduction of protein synthesis caused by N shortage may increase substrate availability for synthesis of phenolic compounds. Thus, the decrease of N concentration under CO 2 enrichment could also explain the increase in flavonoid concentration. However, in the replicate of the experiment conducted in 1993 (see Materials and methods), despite the significant effects of CO 2 treatments on N concentration, no differences in protein concentration of the photosynthetic apparatus measured on an area basis were found between CW and FW treatments up to the completion of blade emergence (Nie et al. 1995) . Higher plant biomass in FACE plants than in CONTROL plants at the same chronological age (data not shown) could be in part responsible for N dilution in canopy green leaves (DW basis; Fig. 5 ) as has been suggested by Coleman et al. (1993) . In addition, average effects of elevated CO 2 on the chemical composition of 27 species (Poorter et al. 1997 ) showed a weak relationship between the proportional increase in phenolic compounds and the proportional decrease in protein. Thus, there are several results in disagreement with the hypothesis of a reduction of protein synthesis by Margna et al. (1989) .
Water stress decreased the total green leaf N concentration in DRY treatments as well as the flavonoid concentration (11% average decrease in isoorientin, a compound present with a concentration one order of magnitude higher than any other flavonoid). Thus, this implies a negative relation between C/N and flavonoid concentration mediated Table 2 for leaf notation). Values are means 9 SE of four replicates. See Table 3 for statistics. Table 4 . F values and significance of the two-way ANOVA (CO 2 and irrigation) with repeated measurements (day time) for the TNC concentrations NS on an SDW basis in different upper canopy leaves of wheat. See Table 2 for description of column headings. * PB0.1; ** PB0.05; *** PB0.001; NS, not significant. by water relations. Other phenolic compounds have been found either to decrease (Kruger and Manion 1993) or to increase (Price et al. 1989, Hegazy and Ismail 1992) , and even contradictory effects have been reported (Horner 1990 , Pritchard et al. 1997 ). This variability has been explained by the different effect of water stress on carbon availability depending on the magnitude of the stress: mild stress promotes the accumulation and severe stress the depletion of carbohydrates (Horner 1990 ). In our experiment the effect of irrigation treatments on TNC concentration changed throughout the cycle. Thus, in contrast to the CO 2 treatment data, irrigation treatment data did not provide any clear relation between flavonoid and carbohydrate concentration. The variety of phenolic responses to water stress indicate that only studies employing different magnitudes of water stress will likely be successful in recognizing the pattern of flavonoid response.
Structural dry weight (SDW) vs dry weight (DW)
Treatment and diurnal variations in TNC concentration may distort the expression of leaf metabolite concentration on a DW basis. Values of TNC concentration in upper canopy leaves ranged, on treatment averages, from 45 (FLa, CW, early morning) to 805 mg g SDW − 1 (L5, FW, afternoon), implying that when the same concentration of a metabolite, like a flavonoid, was expressed on a DW basis, it could vary between 55 and 96% of the value expressed on a SDW basis.
The diurnal fluctuation of TNC, the difference between daily maximum and minimum concentrations of TNC, ranged from 39 (FLb, FD) to 605 (L5, FW) mg g SDW − 1 , implying that the concentration of flavonoids, or any other metabolite, expressed on a DW basis depends on the time of sampling. The value (in mg g DW − 1 ) measured when the concentration of TNC was maximum was between 57 and 95% of the value (in mg g DW − 1 ) measured when the concentration of TNC was minimum.
In addition to CO 2 or irrigation, several other environmental factors, such as variation in irradiance among days in field experiments, may indirectly affect the concentration of compounds simply by changing the concentration of TNC. Whenever possible, SDW is possibly the best basis of expression. Leaf area is also a useful basis to avoid the problem of variations in TNC concentrations, especially in experiments involving radiation (e.g. protection against UV). However, when studying the effect of treatments that may induce anatomical changes in the leaf, the expression on a leaf area basis does not allow the detection of variations in the concentration caused by the accumulation of other constituents, such as structural polymers (as deduced from Van Arendonk et al. 1997) . Table 2 Table 2 for leaf notation). Values are means 9 SE of four replicates. Symbols as in Fig. 3 . See Table 4 for statistics.
Growth stage and leaf age
We studied flavonoid concentration in the upper canopy level at different times during the growth cycle. The leaves that appeared later had lower overall concentrations of flavonoids, calculated as the sum of individual flavonoids, than the leaves that appeared earlier. Similarly, field-grown oat plants showed higher concentrations of two flavonoids in primary leaves than in leaves that appeared later (Effertz and Weissenbö ck 1976, Popovici and .
The effects of leaf age or leaf ontogeny on flavonoid concentration can be followed by comparing FLa and FLb. Aging of the leaves implied an increase in tricin for CD and CW, but had no effect on FW and implied a decrease in tricin for FD treatment. Isoorientin, and the compounds with the same pattern throughout the cycle, only slightly decreased with leaf aging. Preliminary measurements on flag leaves, conducted on the previous year's experiment and spanning growth stages posterior to the measurements presented in this study, showed that towards the end of the growth cycle the concentration of all flavonoids, including both tricin and isoorientin, strongly decreased (M. Estiarte unpublished). The lack of decrease in isoorientin between FLa and FLb indicates that FLb leaves had not yet reached the stage of decrease. We attribute the decrease in tricin concentration in FLb of FD treatment to the fact that plants of this treatment were closer to senescence, as indicated by the pattern of chlorophyll concentration in flag leaves (P. Pinter unpublished). This leaf age effect is in agreement with previous literature reports, especially in old leaves: seedling leaves of barley contained high levels of flavonoids when they emerged from the coleoptile, and then no significant changes occurred from the time they had reached full expansion until near senescence, when the concentration decreased (Liu et al. 1995) . Higher flavonoid concentrations in young leaves than in old leaves were also reported in field-grown barley (Blume and McClure 1979) . Table 1 . Values are means9SE of four replicates. Symbols as in Fig. 3 . Differences in growth stage caused by the treatments were not large enough to strongly influence flavonoid concentration response to CO 2 and irrigation. Their effect may be important in one of the two flavonoid patterns, especially for the flag leaves at different ages. For the isoorientin pattern, plants of CW, with delayed phenology, had lower concentrations than plants in the other treatments, and therefore the possible phenological effect should be opposite to the observed CO 2 effect. On the contrary, the effect of phenology on tricin concentration was similar to the effects of irrigation and CO 2 treatments, that is, an increase in concentration, and therefore there was a significant synergism between treatments and phenologic effects (DOY × CO 2 PB0.001, DOY ×Irrigation PB 0.05, Table 4 ). In any case, tricin concentration of CW treatments never reached the values of FD treatments (Fig. 2) showing that although differences in phenological stage between treatments were partially responsible for the differences in tricin, the treatments by themselves had significant effects.
Ecological implications
The impact that CO 2 -mediated increases in the concentration of the CBSC may have on plant-herbivore relations has been the focus of recent reviews (Lindroth 1996, Peñ uelas and Estiarte 1998) . In many cases negative effects on insect performance have been reported (Lindroth 1996) . Such results often come from experiments involving plant species containing high amounts of tannins, and should not be extrapolated to species, like wheat, containing mostly phenolic acids and single flavonoids (e.g. Nanenina et al. 1987 ). However, a general antiherbivore function is assigned to flavonoids because they can act as feeding deterrents and can be detrimental to insect growth. For example, flavonoids deterred wheat-pest aphids in artificial bioassays (Dreyer and Jones 1981) . Moreover, isoorientin was found to be one of the most active flavonoids in the inhibition of the growth of corn earworm, a polyphagous lepidoptera. In spite of this, the effects of wheat flavonoids on specific pests must be studied prior to speculation about changes in agroecosystem function in a future CO 2 -enriched world, because flavonoids may sometimes also act as feeding stimulants (Harborne and Grayer 1993) , as has been described for pests of rice (Besson et al. 1985) , a plant species close to wheat and also containing C-glycosylflavones. Flavonoids absorb the UV-B radiation and reduce its penetration into the leaf tissues, protecting the photosynthetic apparatus (Reuber et al. 1996) . Thus, CO 2 -enrichment promotes a pre-adaptative response to the predicted increase in UV-B radiation as a consequence of the depletion of stratospheric ozone.
Conclusion
After accounting for changes due to dry vs structural dry weight expression and phenological noise (treatment induced differences in growth stage), it is concluded that the increase in atmospheric CO 2 concentration from an ambient level up to 550 mmol mol − 1 produces an increase in flavonoids and TNC concentration in upper canopy leaves and a decrease in the N concentration in green leaves of wheat. These chemical changes may have significant effects on plant-herbivore and plant-microorganism relations. Physiol. Plant. 105, 1999 433 Appendix A Concentration of wheat leaf flavonoids (with the exception of those represented in Fig. 1 Table 2 for leaf notations. Bold numbers indicate the following flavonoid compounds: 2, 6-C-i-galactosyl-8-C-i-glucosyl-luteolin; 3, 6,8-C-diglycosyl-luteolin; 4, 6-C-i-galactosyl-8-C-i-glucosyl-apigenin; 5, two compound derivatives of apigenin and luteolin; 7, isoorientin 2¦-O-h-rhamnoside; 8, 3%-C-i-glucosyl-2%,4%,6%,3,4-pentahydroxychalcone 2¦-O-xyloside; 9, isovitexin; 10, isoscoparin; compounds 11, 12 and 13 were not identified. 
